The essential proteins NS1 and NS2 of minute virus of mice are encoded by mRNAs R1 and R2, respectively. R2 is derived from R1 by excision of a large intron and thus splicing governs the relative ratios of NS1 and NS2. Excision of the large intron utilizes a nonconsensus 5 donor site. We identified a U-rich and A-rich intronic sequence immediately downstream of the nonconsensus 5 donor site that functions as an intronic splicing enhancer (ISE) required for efficient large-intron excision. The ISE binds the cellular RNA-processing proteins TIA-1 and TIAR, which enhance usage of the nonconsensus donor.
The essential nonstructural proteins NS1 and NS2 of minute virus of mice (MVM) are encoded by mRNAs R1 and R2, respectively, utilizing open reading frames (ORFs) in the left half of the genome (6, 8, 21) . R1 and R2 are both generated by the P4 promoter and are alternatively spliced at an overlapping small intron in the center of the genome (6, 15) . This results in the generation of three forms of NS2; however, NS1 terminates prior to the small intron, so alternative splicing of the small intron from R1 has no known effect on NS1 (6, 7) . The larger R1 RNA transcript is further spliced within the nonstructural gene region between nucleotides 514 and 1989 to generate R2. From its initiation at nucleotide (nt) 260, until the large splice donor at nt 514, NS2 is encoded in the same ORF as NS1. After the large splice, translation of NS2 shifts to ORF 2 (8) .
The ratio of NS1 to NS2 has been shown to be critical for successful viral infection (7, 24) . Since NS1 and NS2 are encoded by RNAs that derive from the same promoter, their relative accumulated levels are controlled by posttranscriptional mechanisms. Alternative splicing of the large intron present in P4-generated RNAs (24) and protein stability (7, 24) have been identified as the major processes governing the relative abundances of NS1 and NS2.
The large-intron 3Ј splice site has a poor polypyrimidine tract, and previous studies in our lab have shown that sequences within the large-intron 3Ј splice site, exon splicing enhancer elements (ESEs) within the downstream NS2-specific exon, and excision of the downstream small intron participate in the proper excision of the large intron (13, 14, (27) (28) (29) . In addition, differences in large-intron excision due to differences in the branch point sequences have been shown to play a role in tissue tropism differences between the prototype MVM(p) strain and the lymphotropic variant MVM(i) (4, 9) .
The MVM large-intron donor cleavage site is aA/gCaagt rather than the consensus sequence aG/gTaagt (differences are in bold capital letters; the NS1 ORF is underlined), which is fully complementary to the 5Ј-end of U1 snRNA. Donors utilizing a GC rather than a consensus GT diribonucleotide, although it is the major variant, are still very rare (accounting for less than 1% of the total mammalian introns) and are normally associated with introns that are alternatively spliced (2, 5, 25) . In the case of MVM, a T at nucleotide 516 would introduce a termination codon in NS1; thus, the use of the nonconsensus large-intron donor appears necessary for translation of NS1. It seems likely that the nonconsensus donor might also play a role in maintaining the appropriate balance between R1 and R2, and hence between NS1 and NS2. In other cases, additional cis-acting elements and trans-acting factors are typically required to stabilize the spliceosome interaction with a nonconsensus donor (2, 16, 26, 30) , and we show here that this is also the case for the MVM large intron.
U-and A-rich intronic sequences immediately downstream of the 5 splice site of the large intron are required for its efficient excision. Alternative splicing is often governed by intronic and exonic elements other than those directly comprising the 5Ј and 3Ј splice sites, which interact with cellular splicing regulators (1, 17) . Such elements are often found associated with nonconsensus donor and acceptor sites (11, 16) . Inspection of sequences surrounding the MVM largeintron nonconsensus 5Ј splice site revealed unusual U-and A-rich regions immediately downstream of this donor.
Modifications that reduced the number of U residues in this region between nts 9 and 42 of the large intron (with intron nt 1 being nt 515 of the full-genome sequence) in the Tp1 mutant resulted in more than a 10-fold decrease in splicing of the large intron following transfection of mutants onto murine A9 cells (compare Fig. 1A , lane 2, and B, lane 1). A9 cells were propagated and transfected as previously described (4) . Mutations were made in the original infectious clone derived by Merchlinsky et al. (18) , using standard PCR techniques as described previously (23) , and were sequenced to ensure that they were as expected. RNase protection assays were performed with probes spanning MVM nt 1858 to 2377, and the results were quantified using a Fuji FLA 5000 phosphorimager as previously described (20, 24) . These mutations change the coding sequence for NS1 (and thus the capsid P38 promoter, which generates R3 transcripts, is not activated); however, it is important to note that we have previously shown that MVM proteins play no role in the splicing of MVM RNAs (22) . When intron nts 8 to 43 were removed to generate the Tp1⌬ in-frame deletion mutant, splicing of the large intron was similarly reduced (Fig. 1A, compare lanes 5 and 1, and B) , arguing against the possibility that the mutations in Tp1 had introduced an inhibitory sequence. Taken together, these results suggest that U-rich sequences downstream of the nonconsensus donor are required for efficient excision of the large intron.
Reducing the number of U residues between intron nts 9 and 16 in the TpL mutant or 20 and 42 in the TpR mutant ( Fig. 1A ) led to decreases in splicing of the large intron similar to that seen for RNAs generated by the larger mutation Tp1 (Fig. 1B , compare lanes 3 and 4 to lanes 2 and 1). Similarly, deletion of intron nts 8 to 16 in the TpL⌬ mutant or 17 to 28 in the TpR1⌬ mutant ( The small A-rich motif between intron nts 29 to 34, which lies adjacent to the U-rich region, affected large-intron excision, but less dramatically. Deletion of this region in the AG⌬ mutant (Fig. 1C) resulted in a reduction of large-intron excision three-to fourfold (Fig. 1D, compare lane 2 to lane 1) . Mutations within this region implicated the A residues at nt 29 and 32 as most important; changing these in the AP1 mutant, but not the other nucleotides in this region in the AP2 and AP3 mutants (Fig. 1C) , to G residues fully recapitulated the magnitude of splicing reduction seen for the deletion mutant (Fig.  1D, compare lanes 3 to 5 to lane 1) .
The presence of a complementary A-rich and U-rich region in this region (Fig. 1) suggested that perhaps RNA secondary structure dependent on complementary base pairing between these elements may have played a role in the function of this region. However, mutations in which the two elements were altered in such a way as to change their sequences yet retain compensatory complementary base pairing still could not support splicing of the large intron (data not shown).
Taken together, the U-and A-rich motifs between intron nts 8 and 34 were shown to be required for large-intron excision and to have the properties of an intronic splicing enhancing element (ISE). Improvement of the nonconsensus intron donor to consensus (in this case, the CD1 mutation, which changed the wild-type aA/gCaagt to aG/gTaagt, terminating NS1), which increased large-intron excision in an otherwise wild-type background, could recover splicing in the Tp mutant to nearly wild-type levels (Fig. 1E) , suggesting that the ISE acts to strengthen the nonconsensus 5Ј donor site.
The activity of the ISE is distance dependent. If the intron region from nts 8 to 34 is truly an ISE affecting the nonconsensus donor, it might be expected that its effect is dependent upon its distance from the donor. To test this, we inserted heterologous sequences of increasing lengths taken from a region of the capsid-coding gene of MVM carrying no known cis-acting regulatory elements between intron nts 7 and 8 to expand the distance between the ISE and the donor (MVM DNA nts 3757 to 3777 [ Fig. 2A]) . As can be seen in Fig.  2B , insertion of 21 nts at this site had no discernible effects on large-intron excision (Fig. 2B, compare lane 2 to lane 1) . However, when the ISE was removed further downstream of the donor by 51 and 99 nts, respectively, large-intron excision was reduced significantly (Fig. 2B, compare lanes 3 and 4 to lane  1) . The decrease in splicing seen in these experiments was not due merely to an increase in the size of the intron; insertion of the identical 99-nt capsid sequence downstream of the ISE at nt 1250 had no effect on large-intron excision (Fig. 2B, lane 7) .
We generated an additional mutation (CD2) that improved the U1 snRNA-complementarity of the donor site from the wild-type aA/gCaagt to aG/gTaTgt. Rather than introducing a termination mutation in NS1, this alteration changed Gln86 (CAA) to Tyr (TAT). When the nonconsensus wild-type donor in the I-99 insertion mutant was replaced with the CD2 sequence, excision of the large intron was increased, supporting the notion that in its native position the ISE acts to strengthen the nonconsensus 5Ј donor site. Interestingly, in an otherwise wild-type background, the CD2 mutation increased large-intron excision to a greater extent than the CD1 mutation (compare Fig. 1E to Fig. 2B, lane 6) . Further, in contrast to the results described for the TpϩCD1 mutant described above, in which improvement of the donor to consensus CD1 restored splicing to nearly wild-type levels, improvement of the I-99 donor to the CD2 sequence (I-99ϩCD2) led to excision of the large intron to levels similar to those seen for the CD2 donor alone, i.e., much greater than for the wild-type (Fig. 2B, lane  5) . The basis of the difference between the two results is not clear; however, it likely suggests a complex interaction between the IES and the donor site. Additionally, because NS1 bearing the CD2 mutation (and the change of Gln 86 to Tyr) could efficiently activate P38 (Fig. 2B, lane 6) , we placed this mutation back into the wild-type infectious clone. The mutant was nonviable (data not shown). Thus, even though this strong donor did not terminate NS1, it was not tolerated at this site, either because of the Gln-to-Tyr mutation or because of the reduced relative levels of NS1.
TIA-1 and TIAR are important for the efficient use of the MVM nonconsensus large-intron donor. The RNA binding proteins TIA-1 and TIAR are RNA-processing factors that can bind to U-rich regions in RNA and act in a redundant manner to stabilize spliceosomal protein interactions with nonconsensus donor sites (10, 12, 16) . TIA-1 and TIAR are abundant in murine and human cells permissive for MVM (data not shown), making these proteins candidates for interaction at the MVM large-intron ISE. As shown in Fig. 3B , both TIA-1 and TIAR efficiently bound to an oligoribonucleotide comprising the wild-type, but not a mutant, MVM large-intron ISE (the sequences of the wild-type and mutant oligoribonucleotide are shown in Fig. 3A) . RNA chromatography affinity assays were performed according to published procedures (3), with the following modifications. Biotin-labeled substrate RNAs were synthesized by Integrated DNA Technologies (Corvallis, IA). Substrate RNAs were incubated in a reaction mixture containing 150 l of HeLa cell nuclear extract (750 to 1,000 g of protein) in a final volume of 250 l (20 mM HEPES [pH 7.9], 5% [vol/vol] glycerol, 0.1 M KCl, 0.2 mM EDTA, 0.5 mM dithiothreitol, 4 mM ATP, 4 mM MgCl 2 , 5 mM creatine phosphate, 2.5% [wt/vol] polyvinyl alcohol) together with 30 l of streptavidin agarose (Novagen). Beads were then washed three times with 1 ml of washing buffer (20 mM HEPES [pH 7.9], 5% [vol/vol] glycerol, 0.1 M KCl, 0.2 mM EDTA, 0.5 mM dithiothreitol, 4 mM MgCl 2 ). Proteins specifically bound to the substrate RNA were eluted by the addition of 100 l of protein sample buffer and separated on polyacrylamide sodium dodecyl sulfate gels, electroblotted, and probed with antibodies as indicated in the figure legend. Western immunoblot analysis was performed as previously described (19) . The primary antibodies used were as follows: goat anti-human TIA-1, goat anti-human TIAR, rabbit anti-human GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (all from Santa Cruz Biotechnology, Inc.). This result indicated that TIA-1 and TIAR could specifically bind to the U-rich region of the large intron.
We investigated whether TIA-1 and TIAR could affect the excision of the large intron, using specific small interfering RNAs (siRNAs) to reduce their abundances in host cells. For these assays, A9 cells were transfected with 40-nM siRNA duplexes, using HiPerFect reagent (Qiagen). After 24 h, cells were retransfected with 40 nM siRNA. MVM test plasmids were transfected 24 h after the second siRNA transfection, and RNA was extracted for analysis 24 h later. siRNAs against TIA-1 and TIAR (a set of four siGenome and On-Targetplus reagents, catalog numbers LQ-061591-00-0005 and LQ-047822-01-0005, respectively) were purchased from Dharmacon. As can be seen in Fig. 3C , the endogenous levels of both TIA-1 and TIAR were significantly reduced in murine A9 cells after 72 h of siRNA transfection. At this time point, excision of the large intron from a cotransfected MVM genomic clone was also significantly decreased (Fig. 3D) , suggesting that TIA-1 and TIAR were necessary for efficient excision of the large intron. No effect on the splicing of the small intron from P38-generated pre-mRNAs expressed from the same plasmid was observed following siRNA treatment, suggesting that the effect of the TIA-1/TIAR siRNA treatment was not promiscuous.
Taken together, these results suggest that the splicing factors TIA-1 and TIAR, binding specifically to the U-rich region immediately downstream of the donor, directly enhance usage of the nonconsensus site. Overexpression of TIA-1 and TIAR in A9 cells did not enhance large-intron splicing (data not shown), suggesting that the endogenous levels of these two factors in these cells was sufficient to support cleavage of the large-intron donor.
Although depletion of TIA-1 and TIAR via siRNA reduced splicing, the reduction was not as severe as the reduction in response to the cis-acting Tp mutation (see Fig. 1 ). It is likely that this was due to incomplete depletion of these factors; however, it remains possible that additional cellular factors binding to the ISE play a role in large-intron excision. We have not found differences in the levels of TIA-1 and TIAR in various murine cells of different differentiation statuses (data not shown). Thus, the differential expression of NS2 that influences the replication of MVM variants likely is controlled primarily by the 3Ј splice site (4, 9) .
We have previously shown that the NS2-specific exon downstream of the large intron contains a bipartite CA-rich enhancer element (13) . We have recently identified sequences within the NS1/NS2 shared exon which govern usage of the on October 2, 2017 by guest http://jvi.asm.org/ downstream nonconsensus donor (data not shown), which will be the object of further study. Regulation of the 5Ј cleavage event of MVM P4-generated pre-mRNAs is quite complex, involving a nonconsensus donor, both downstream and upstream regulating sequences, and likely also definition of the 5Ј exon, involving the 5Ј-mRNA cap. Together with the complex regulation of large-intron splicing governed at the 3Ј splice site, it is clear that excision of the large intron from R1 is an exquisitely controlled process that highlights the importance of the relative ratios of NS1 and NS2 for successful infection.
